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Life-long food restriction is known to slow aging and reduce
the rate of occurrence of age-associated disease processes, but
the mechanism by which this is accomplished is unknown. In
this study we have examined the effect of food restriction on the
proliferative response of spleen cells to mitogens and lympho-
kine production in 6-, 18-, and 30-month-old AL and FR
Fischer-344 X Brown Norway (F-344XBNF,) female rats
whose average life span is 137 weeks on an ad libitum (AL)
diet and 177 weeks on a food-restricted (FR) diet. In addition,
the ability of food restriction to recall antigens was tested in
10-month-old rats by immunizing them with keyhole limpet
and hen's egg albumin and measuring proliferative response of
draining lymph node cells to these antigens. Our results
indicated that the spleen-cell proliferative response to phyto-
hemagglutinin and concanavalin A (Con A) was equal in 6- and
18-month-old rats but declined significantly in 30-month-old
AL rats compared to FR rats. Although flow cytometric
analyses did not reveal differences for CD4, CD8, and Ig+ cells
with age, a significant rise in memory T cells (Ox-22'"w) in
both CD4+ and CD8 + T-cell subset lineage was noted in
AL-fed rats at 30 months of age. In FR rats, however, only a
minimal shift of naive T cells (Ox-22h'gh) to memory cells was
observed. In FR rats, the observed changes in the naive and
memory T-cell subsets correlate well with the observed higher
levels of the antiinflammatory interleukin-2 (IL-2) and lower
levels of the proinflammatory cytokines such as IL-6 and tumor
necrosis factor-a. The ability of food-restricted animals to
recall antigens was lower compared to their age-matched
controls, though the proliferative response to T-cell mitogen
Con A and superantigen staphylococcal enterotoxin B was

1 Department of Medicine, The University of Texas Health Science
Center, San Antonio, Texas.

2 Departments of Microbiology and Physiology, The University of
Texas Health Science Center, San Antonio, Texas.

3 Nutrition Program, State University of New York at Buffalo, Buffalo,
New York.

4 National Center for Toxicological Research, Jefferson, Arkansas.
5 To whom correspondence should be addressed at Department of

Medicine/Clinical Immunology, The University of Texas Health
Science Center, 7703 Floyd Curl Drive, San Antonio, Texas 78284-
7874.

higher. These findings indicate that food restriction may selec-
tively act to maintain a lower number of antigen-induced
memory T cells with age, thereby maintaining the organism's
ability to produce higher levels of IL-2 with age. In summary,
the increased cell-mediated immune function noted in aged FR
rats appears to be due to the presence of a higher number of
naive T cells, which are known to produce elevated levels of
the antiinflammatory cytokines, which may in part be respon-
sible for reducing the observed age-related rise in disease.
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INTRODUCTION

It is now well established that lifelong food restriction
dramatically extends the life span and reduces the rate of
occurrence of numerous physiological dysfunctions. In-
terestingly, calorie intake per unit of body weight re-
mains constant for ad libitum-fed (AL) and food-
restricted (FR) animals throughout their life span,
indicating that there is no undernutrition or decrease in
kilocalorie intake per gram weight between AL and FR
animals (1, 2). Several possible mechanisms have been
proposed for the role that moderate FR plays in disease
prevention including the enhancement of the immune
system, thereby leading to a decrease in the incidence of
autoimmune diseases and extension of the life span
(1-6). Immune senescence is characterized by a dysregu-
lation of the immune system. At the biological level, the
age-related changes of the complex network of interac-
tions between the various participants of the immune
system result in the loss of some activities and increases
in other activities. At the clinical level, the disturbances
of this interactive network lead to an inefficient and
sometimes inappropriate or aberrant immune response.
There is a decline in the production of naive lymphocytes
by the central lymphoid organs, the thymus and bone
marrow, leading to a reduced diversity and altered
repertoire of antigen specificities recognized by the
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immune system. Thus, with age, there is a progressive
decline in the capacity of the immune system to react
with foreign antigens associated with an increased reac-
tivity with autoantigens.

In the past several years, many age-related T-cell
defects in immune responses have been documented in
both humans and animals (7, 8). These defects have been
linked to a number of disease events, including an
increase in the susceptibility to malignancies, infections,
and development of autoimmune diseases in the elderly.
This decline in immune function may be due in part to a
poor proliferative response of T and B cells to antigenic
or mitogenic stimulation, whereas the immunological
impairment appears to be due to a defect in cell cycle
events and age-related alterations in T-cell subsets and
their differentiation (7, 8). Aging is perceived as a
process of impairment of immune functions; it is known
that T cells from aged subjects have a reduced ability to
produce interleukin-2 (IL-2). However, other functions
seem to be upregulated in elderly subjects; indeed, IL-1,
IL-3, IL-4, IL-6, interferon-a (IFN-a), and tumor necro-
sis factor-a (TNF-a) production are increased in both
aged rats and aged humans. These cytokines are known
to control B-cell differentiation, through isotype switch
and Ig production.

Research carried out in the past two decades, in our
laboratory and by other investigators, has indicated that
FR may delay age-related impairment in the immune
system and, particularly, of T-cell function. Such de-
clines are generally believed to occur earlier than B-cell
function (1, 5). Further, several recent advances in
lymphocyte subset identification have made it possible to
identify not only CD4+ (helper) and CD8+ (nonhelper)
cells and their functions, but also new subsets within
these two major T-cell subsets (8-10). The observed
differences in cellular function among these subsets has
also been reported to occur in both humans and rodents
(11-13). Several changes in T-cell functions in humans
and mice are now closely linked to changes within CD4+

and CD8+ T lymphocyte subsets based on the expression
of various cell surface markers. Cells within the CD45
(Pgp-1+) subset of T cells are increased in mice by about
50% with age and are found to be less responsive (i.e.,
refractory) to calcium activators as a function of age
(14).

Shifts in the distribution of functionally distinct CD4+

T-cell subsets, particularly increased accumulation of
memory T cells, have been reported during aging in both
mice and humans (15). Age-associated changes in cyto-
kines, particularly the loss of IL-2 production, are impli-
cated in the age-related impairment of T-cell prolifera-
tion, protein kinase C activation, and Ca2+ mobilization,

which appear to be key events in the production of IL-2
and expression of IL-2 receptors and decline in the
expression of specific mRNA with age (15-19). How-
ever, age-related changes in the production of other
cytokines (such as IL-4, IL-6, and TNF-a) by memory T
cells [in the absence of adequate regulatory levels of IL-2
and/or interferon-y (IFN-y)], may be proinflammatory
and may reduce naive T-cell function.

Recently superantigens or bacterial toxins have also
been implicated in the stimulation of T-cell subsets in
both humans and rodents (20, 21). The superantigens, in
combination with class II MHC molecules, stimulate
CD4+ V/3+ T cells by binding to a specific site in the
variable portion of the /3 chain of the specific T-cell
antigen receptor (22). It has also been reported that
animals develop self-superantigens to eliminate autore-
active Vj3 T cells through clonal deletion (23). We have
therefore also examined the effect of aging and food
restriction on the ability of spleen cells to proliferate in
response to both polyclonal mitogens and superantigens.

One of the concerns of all studies of aging, particularly
aged rodents, is that the results obtained may reflect a
disease state, rather than aging. F-344 rats, a popular
model used in aging studies, have a high incidence of
nephrotic disorders with age. The long-lived strain of
F-344 X BNF1 rats have a median life span of 31 months
and very few pathologies, even in their old age (24). The
long-lived, inbred BN rat demonstrates an age-associated
decrease in lymphoproliferation in response to con-
canavalin A (Con A); and these declines become appar-
ent only after the age of median survival, 31 months (25).
The present study was therefore designed to gain an
understanding of the mechanisms through which FR may
prevent or delay an age-associated decline in T cell-
related immune functions and to gain further insight as to
the role of FR in increasing life span in a long-lived
rodent strain, such as F-344XBNF1 rats. In order to
analyze these features, the proliferative response of
spleen cells to mitogens and superantigens was used as a
functional measure of the organisms. These studies are
designed to establish whether both young AL and young
FR rat cells proliferate to recall antigens with the same
degree of intensity or behave differently from each other.
In addition, the ability of FR young rats to recall antigens
[keyhole limpet hemocyanin (KLH) or hen egg albumin
(HEA) in Hunter's adjuvant] was also tested after im-
munizing the rats with these antigens and to determine
the proliferative response of draining lymph node cells to
these antigens including the response to Con A and
superantigen staphylococcal enterotoxin B (SEB).
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MATERIALS AND METHODS

Animals and Diets

Young and old Fischer-344XBNF, female rats were
obtained from the FDA's National Center for Toxicolog-
ical Research, Jefferson, Arkansas. The rats were raised
in a specific pathogen-free environment at 23°C and
were maintained on a light-dark cycle so that the lights
were on from 0600 to 1800 as described by Duffy et al.
(26). The rats were housed singly in polycarbonate cages
with metal tops and hardwood chip bedding. The animals
were fed the ad libitum diet (NIH) until 14 weeks of age
(26). At 14 weeks of age, a 2-week ramping of dietary
intake occurs, resulting in FR (60% of the mean caloric
intake of the ad libitum group) by the end of the 16th
week. FR was continued until the experiment was
completed. Another group of rats was continued on the
ad libitum diet. To carry out immunological analysis, the
animals were first anesthetized and sacrificed by decap-
itation and spleens were aseptically removed for further
analysis.

Spleen-Cell Preparation

Spleens were aseptically collected free of connective
tissue, and single-cell suspensions were prepared.
Spleens were minced gently in RPMI-1640 medium
containing 5% heat-inactivated fetal bovine serum, 2 mM
L-glutamine, 100 U/ml penicillin, 100 mg/ml streptomy-
cin, sodium pyruvate, and 0.1 mM nonessential amino
acids (27). The cell suspension was centrifuged at 100#
and washed three times in the same medium.

Proliferative Response

Triplicate cultures were set up in wells of flat-bottom
Corning microtiter plates, each containing 5 X 10s

splenocytes in 0.2 ml of 1% fetal bovine serum (FBS)
medium. The cells were cultured in the presence of
phytohemagglutinin (PHA; 25 ju,g/ml; Wellcome, Beck-
enham, England), concanavalin A (Con A; 2.5 /xg/ml;
Pharmacia), and B-cell mitogens (BCM; 20 jug/ml).
These mitogens have been tested in our laboratory, and
concentrations giving optimal responses were selected.
Superantigens (SEB; Toxin Technology, Sarasota, FL)
were used at a concentration of 20 /ig/ml based on our
earlier experiments when we tested various concentra-
tions of these superantigens. Time courses were con-
ducted. After culturing for the indicated time, 0.5 juCi of
[methyl-3H]thymidine (6.7 Ci/mmol; New England Nu-
clear, Boston, MA) was added during the last 16 hr, and

the incorporation of [/nef/!v/-3H]thymidine was measured
after harvesting the cells.

Flow Cytomethc Analysis of Lymphoid Cell Subsets
and IL-2 Receptors

Red cell-free spleen cells were stained with W3/25-PE
(CD4), Ox8-PE (CD8), OX22-FITC (CD45RC), goat
anti-rat Ig-FITC, and IL-2R-FITC (PharMingen, San
Diego, CA, and Sera Labs). IL-2R level was measured in
spleen cells cultured in the presence of Con A (5 /ng/ml)
for 48 hr. The cultured cells were passed through a
Ficoll-Hypaque density gradient to remove dead cells
and 1 X 106 cells were stained with anti-rat FITC-IL-2
receptor antibodies. All of the antibody-staining proce-
dures were carried out in ice-cold phosphate-buffered
saline (PBS)-3% fetal calf serum (FCS) (28). Antibodies
were added to 1 X 106 cells in 100-jul portions at
predetermined optimal staining concentrations, cell pel-
lets were washed twice with 4 ml of PBS-3%FCS and
resuspended in 200 /A! of PBS-3% FCS, and the staining
profile was determined using flow cytometry. Two-color
contour plot analyses (FITC/PE) were carried out using
standard techniques on a Becton-Dickenson FACStar
Plus flow cytometer.

Inteiieukin-2 Production

IL-2 was assayed essentially in the same manner as
described by Gillis et al. (29). IL-2 levels were measured
in the cell-free supernatants collected from spleen cells
cultured for 48 hr in the presence of Con A (2.5 jag/ml).
IL-2 activity was measured using a murine IL-2-
dependent cytotoxic T-cell line (CTLL-2). Approxi-
mately 5 X 104/ml CTLL cells in 100 jul were cultured
with 100 jul of cell-free supernatant for 24 hr at 37°C in
a humidified chamber. The cultures were harvested after
pulsing with 0.5 p,Ci of [mer/2)>/-3H]thymidine for 16 hr,
and the activity was measured in a /3-liquid scintillation
counter. In calculating IL-2 activity, the lower limit of
detection was arbitrarily defined as 3 SD above the mean
of [3H]thymidine incorporated by CTLL cells cultured in
medium alone.

Inteiieukin-6

The proliferative effect of IL-6 was measured using a
hybridoma cell line (B9 cells) as described (28). Prior to
the assay, the cells were washed, resuspended at a
concentration of 5 X 104 cells/ml, and 100 /xl of cells
was added to the wells in microtiter plates. Serially
diluted cell-free supernatants from lipopolysaccharide
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(LPS)-activated 24-hr cultured spleen cells were added,
and the plates were incubated at 37°C in 5% CO2 for 70
hr. The cells were pulsed with [3H]thymidine for 4 hr and
harvested. The [3H]thymidine incorporation was mea-
sured in a j3-liquid scintillation counter. The amount of
IL-6 activity in the supernatants was determined from the
rHuIL-6 standard curve.

Tumor Necrosis Factor

The presence of biologically active TNF in the LPS-
activated spleen culture supernatants was measured as
described (30). MTT assay was used to measure viability
of cells, and color developed was read at 620 nm on a
Dynatech-MRSOOO ELISA reader. The amount of TNF
activity in the supernatants was derived from the
rHuTNF standard curve. Data were expressed as a mean
of triplicate cultures and converted to units by compar-
ison to standard TNF-a (Genzyme, Boston, MA).

Analysis of PGE2

Prostaglandin E2 (PGE2) levels in cell-free superna-
tants of spleen cells cultured in the presence of lipopoly-
saccharides were analyzed by radioimmunoassay (31).

Measurement of Proliferative Responses to Recall
Antigens

F-344XBN rats (10m old) were immunized in their
foot pads with either 100 jug of HEA with Hunter's
adjuvant or KLH-CFA (once), and the rats were sacri-
ficed 2 weeks after immunization. A draining lymph
node cell suspension was prepared in RPMI-1640 sup-
plemented with 10 mM HEPES, 2 mA/ L-glutamine, 1
mM pyruvate, 50 mM 2-mercaptoethanol (2-ME) with
5% FBS, and 100 /ig/ml DNase (Sigma, St. Louis, MO).
The cells were cultured in the presence of mitogens (Con
A, 0.5 ;u,g/well), superantigen (SEB, 4 /j,g/well), and
HEA (4 /Ag/well) or KLH (4 jig/well) for 72 hr for
measurement of [3H]TdR incorporation.

Statistical Analysis

The data were tested for statistical significance using
Student's t test.

RESULTS

Survival Rate

The life span of Fischer-344xBNF, rats is signifi-
cantly longer when the animals are fed a diet restricted

Fig. 1. Effect of food restriction on the survival rate of F-344XBN
female rats (data from 34/group).

by 40% of total calories compared to the AL diet (Fig. 1).
The median life span of the ad libitum-fed rats was
138 ± 3.4 weeks, compared to the food-restricted ani-
mals, which had a median life span of 185 ± 3.4 weeks.
The food-restricted animals had significantly lower body
weights (Fig. 2). However, due to differences in body and
organ weights, the food consumption per unit body mass
was similar for AL and FR animals, indicating that FR
does not cause malnutrition throughout the life span.

Proliferative Response to Mitogens and Superantigens

The proliferative response of spleen cells to mitogens
(PHA, Con A, and BCM) was maximum at 48 hr
following stimulation. The mitogenic effect on the pro-
liferative response of spleen cells was mitogen depen-
dent. For example, the response of spleen cells to PHA
increased with age and was higher in the FR animals,
while the response to Con A generally decreased with
age but was improved by food restriction (Fig. 3). The
response of spleen cells to BCM decreased with age, and
the response was lower in the spleen cells of aging FR
animals compared to AL-fed rats. Both aging and food
restriction had a marked effect on proliferative response

Fig. 2. Influence of food restriction on the body weights of F-344XBN
female rats. Values are means ± SE of 34 rats per group.
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Fig. 3. Influence of food restriction on proliferative responses of spleen
cells to mitogens in young and old F-344XBN rats. Values are
means ± SE of five rats per group.

of spleen cells to superantigen (SEB). Aging signifi-
cantly (P < 0.01) decreased the response of spleen cells
to superantigens, while food restriction significantly
delayed the decline in the proliferative response of
spleen cells to superantigen exposure (Fig. 4), indicating
the presence of higher naive T cells in FR-fed mice.

Lymphoid Cell Subsets

Phenotypic changes in young AL and FR rats is
minimum in CD4, CD8, and Ig+ cells (Table I). The FR
rats had a slightly higher number of CD4+ cells and
lesser number of CD8+ cells, though the values were not
statistically significant compared to the AI groups. The
percentage of Ig+ cells declined with age in both AL and
FR groups. The most striking effect was found in cells
stained with Ox22 antibodies, where changes in the
density (higher number of low-density population) were
found in the 30 month-old AL-fed rats. Contour plots of

Fig. 4. Effect of food restriction on proliferative responses of spleen
cells to SEE in young and old F-344XBN rats. Values are means of
four rats per group.

cells double-stained for CD4/Ox22 and CD8/Ox22 sur-
face markers indicated no changes in density in young
AL and FR rats (Fig. 5). However, in contrast, both
Ox22+CD4+ and Ox22+CD8 + cell loss in the high-
density population occurred in 30-month-old AL-fed
rats. When the percentage distribution of cells stained for
Ox22+ and Ox22~ and both CD4 and CDS subsets was
presented in the form of bar graphs, it was clear that
Ox22+ (naive) cells decreased significantly in AL-fed
30-month-old animals, while Ox22+ cells were signifi-
cantly higher in 30-month-old-FR animals in both CD4
and CDS subsets (Fig. 6). Similarly, percentages of
Ox22 (memory cells) were significantly higher in the
30-month-old AL-fed animals and food restriction sig-
nificantly lowered the percentage of Ox22-cells in both
CD4 and CDS subsets. Thus, food restriction appears to
prevent changes in the ratio of naive-to-memory cells in
30-month-old rats.

Interleukin-2 Receptors

The effect of aging and food restriction on the expres-
sion of IL-2 receptors in rat spleen cells cultured in the
presence of Con A is presented in Fig. 7. A decrease in
the number of IL-2 receptors occurred as the rats aged,
but food restriction appears to slow this effect signifi-
cantly.

Cytokine Production

The effect of food restriction and aging on cytokine
production by spleen cells is presented in Table II. IL-2
production by cultured spleen cells decreased signifi-
cantly with age (P < 0.05), and food restriction pre-
vented this decline. Both IL-6 and TNF production by
spleen cells cultured in the presence of LPS increased
with age, but food restriction generally lowered the
levels of these two cytokines in 30-month-old rats. PGE2

production was significantly lower in 30-month FR rats

Journal of Clinical Immunology, Vol. 17, No. 1, 1997

Table I. Influence of Food Restriction on Lymphocyte Subsets in
Aging F-344XBN Rats"

Age (mo)

6
6

18
18
30
30

Diet

AL
FR
AL
FR
AL
FR

CD4 " (%)

28.6 6.8*
33.0 2.7
26.4 6. 1
36.8 3.2
29.0 4.4
31.5 4.4

CD8+ (%)

28.7 4.3
28.6 5.1
29.6 0.6
27.3 4.7
33.0 4.2
28.9 ± 2.8

lg+ (%)

39.6 3.5
42.7 1.9
34.0 4.3
38.2 2.2
33.9 4.4
32.9 2.1*

" RBC-free spleen cells were stained with FITC-monoclonal antibodies
and analyzed by flow cytometry.

* Values are means ± SE of four animals per group.
* Mean significantly different vs 6-month FR.
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Fig. 5. Contour plots showing the effect of food restriction on the number of naive and memory cells in CD4+ and CD8+ subsets in the spleen
cells (double stained with CD4 and Ox22 or CDS and Ox22 antibodies) of young (6-month) and old (30-month) F-344XBN rats. Though the
experiment was repeated in four or five animals per group, the contours presented here are for one animal per group.

compared to 30-month AL rats. Thus, the overall
changes normally found to occur with age were slowed
or delayed by food restriction.

Measurement of the Proliferative Response to Recall
Antigens

The ability of FR rats to recall antigens appears to be
lower than that of age-matched AL-fed animals, indicat-
ing a possible difference in naive and memory T cells
(Fig. 8). Further, the proliferative response to Con A was

Fig. 6. Effect of food restriction on the proportion of naive and memory
cells in young and old F-344XBN rats. Values are means ± SE of four
rats per group.

also higher in FR animals. The response to HEA with
Hunter's adjuvant was much higher than to KLH with
CFA. The response to SEB (4 jug/well) was low in
immunized rats, but still FR rats showed a higher
response to SEB.

DISCUSSION

Several mechanisms have been proposed for under-
standing the protective role of FR in extending life span
(1-6). Recently the decline of immunologic function has

Fig. 7. Influence of food restriction on IL-2R level as analyzed by flow
cytometry in 48-hr Con A-activated spleen cells of 6- and 30-month-
old AL and FR F-344XBN rats.

Journal of Clinical Immunology, Vol. 17, No. I, 1997
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Table II. Effect of Food Restriction on Cytokine Production by Spleen Cells of Young and Old F-344XBN Rats"

Cytokine

IL-2 (U/ml)
TNF (U/ml)
PGE2 (pg/ml)
IL-6 (U/ml)

6 mo

AL

920 ± 180''
65 ± 13

1,200 ± 200
13,200 ± 2,500

FR

884 ± 185
51 ±9

1,040 ± 140
14,000 ±4,010

30 mo

AL

475 ± 90*
75 ± 15

1,100 ± 180
22,000 ± 3,000

FR

724 ± 140
65 ± 10

630 ± 85**
17,800 ± 3,100

" Spleen cells {5 X 10A/ml) were cultured with either Con A for 48 hr or LPS for 24 hr and cytokines were analyzed in the cell-free supernatants.
IL-2, IL-6, and TNF were quantitated by bioassay, and PGE, by radioimmunoassay.

h Values are means ± SE of observations from three or four animals.
* Mean IL-2 production significantly different from the mean of the 6-month AL group at P = 0.05.

** Mean PGE2 production significantly different from the mean of the 6-month AL and 30-month AL groups at P = 0.05.

been linked to the functional loss of T-cell subsets with
age, although the percentage of total B and T lympho-
cytes was less altered with age. Data from the present
study revealed that food restriction may be preventing or
delaying an age-associated decline in T cell-related
immune functions by preventing a rise in memory T
cells, thereby slowing the increase in the production of
proinflammatory cytokines. Aged FR rats generally ex-
hibited a better proliferative response of lymphocytes to
mitogens and superantigens than aged AL-fed rats. In the
past we also found that IL-2 receptor expression was
higher in aged FR rats compared to their age-matched
AL-fed controls (27, 32).

It has been shown that changes in T-cell functions in
humans and mice are closely linked to changes within
CD4+ and CD8+ T-lymphocyte subsets based on the
expression of various cell surface markers. The increase
in immature CD2+CD3~ T cells is an aging phenome-
non related to declining T-cell proliferation (33). These
lymphocyte subsets have in turn been associated with the
secretion of distinct proinflammatory or antiinflamma-
tory cytokines. Cells within the CD45 (Pgp-1 +) subset of
T cells in mice are increased by about 50-75% with age
and are less responsive to calcium activators (14). The
impaired response to costimulation mediated by CD28

Fig, 8. Effect of food restriction in 10-month-old F-344 rats to recall
antigens. Ten-month-old AL and FR rats were immunized with 100 /xg
of HEA with Hunter's adjuvant or KLH-CFA. The draining lymph
nodes were collected from these animals 2 weeks later and were
cultured with Con A, KLH, HEA, or SEB to determine the proliferative
response.

Journal of Clinical Immunology, Vol. 17, No. I, 1997

on T cells from aged mice may be an important factor in
the reduced T-cell responses associated with aging (34).

Goonawardene and Murasko (35) reported that food
restriction does act to delay age-related changes in the
proliferative response of spleen cells to Con A in BN
rats. In addition, food restriction delays the plateau in
Con A-induced IFN production seen after 23 months of
age in AL F-344 X BNF1 rats (35). As mice age,
spontaneous changes occur in the receptor repertoire of
their T cells. The receptor repertoire of CD4+ T cells
does not change with age. In contrast, however, the
percentage of a/3H, CD8+ T cells bearing particular V/3
elements varies considerably between individual aged
mice, although it is remarkably consistent among indi-
vidual young animals within a given strain. CD4/CD8
ratio drops steadily as a function of age. Shifts in
CD4/CD8 ratio were not due to increased numbers of
CD8+ T cells in spleen and lymph nodes; rather CD4+ T
cells disappeared from aging mice more rapidly than
CD8+ T cells (36).

Recent studies have provided evidence that aging in
humans is associated with a significant decrease in
numbers of naive CD45RA+ and CD4+ T cells and an
increase in numbers of CD45RO+ CD29(hi) CD4+

memory T cells in humans (37-40). The existence of a
similar subset of T cells within either CD4+ or CD8+ T
cells in young rats has also been reported (41, 42). The T
cells that express high levels of Ox-22 (CD45R) also
produce high levels of IL-2 in response to alloantigens
and mitogens in young rats. Although both Ox-22+ and
Ox-22~ T cells can provide help for B cells in primary
antibody response, during in vivo activation the Ox-22+

naive T cell converts into an Ox-22~ memory T cell,
which alone will be able to a support secondary B-cell
response. Identification of T-cell subsets within CD4+

and CD8+ T cells in rats is relatively new and changes
with age in naive to memory T cells in rats has not yet
been reported. CD44 or PGP-1 is a transmembrane
leukocyte adhesion-related glycoprotein which is often
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expressed at a greater density on the membranes of
memory T lymphocytes (CD44hI) compared to naive T
cells (CD4410). The proportion of PGPhi or CD44hi cells
among T cells is increased with advancing age. Our
earlier studies on long-lived B6D2F1 mice revealed that
food restriction may be delaying aging in these mice by
delaying age-related losses in naive cells, IL-2 produc-
tion, and proliferative response of spleen cells to mito-
gens and superantigens (43). These results suggest that
T-cell senescence with age is also associated with defec-
tive apoptosis, and the CD2-fas transgene allows main-
tenance of Fas apoptosis function and T-cell function in
aged mice comparable to that of young mice (44).

Studies have shown that memory T cells can produce
higher levels of IFN-y compared to naive T cells (45,
46). It is now well established that aging can lower the
production of IL-2, which is crucial for maintaining
several T-cell functions. T cells in mice expressing high
levels of Pgp-lh'sh were found to generate fewer changes
in Ca2+ compared to Pgp-l'ow naive T cells when
exposed to either Con A, anti-CD-3 antibody, or low
doses of ionomycin (14). Therefore, each subset may
vary in its function due to the differences in its calcium
extrusion pump. There is a dysregulation of cytokine
production with an increased production of IL-4, IL-5,
and IL-6 associated with a decreased production of IL-2,
which may reflect an altered ratio of activity between the
Thl- and the Th2-cell subsets. A similar dysregulation of
cell-mediated immunity is manifested by an altered
balance in cytokine production by T cells from old
compared to young subjects (47). Thus, the production of
IL-2, IL-3, and granulocyte macrophage-colony stimu-
lating factor (GM-CSF) by T cells from old subjects is
decreased, although the production of IL-4, IL-5, and
IL-6 is undiminished or actually increased (47).

Aging is accompanied by dramatic shifts in the subset
compositions of splenic CD8+ cell pools, which contrib-
ute significantly to their increased capacity to produce
IFN-y at the population level (48). IL-3, IL-4, IL-5, IL-6,
and IL-10 have been shown to have age-associated
changes in AL-fed mice. IL-4 has been shown to increase
with age in AL-fed mice in short-term cultures (49, 50).
The long-lived, inbred BN rat demonstrates an age-
associated decrease in lymphoproliferation in response to
Con A; however, these declines become apparent only
after the age of median survival, 31 months. Significant
declines in IL-2 production after Con-A stimulation are
reported to occur after median survival in BN rats (25).
The imbalance in IL-2 and IFN production may reflect a
dysregulation that results in a decreased proliferative
response of lymphocytes with increasing age (25).

Changes in the proportion of cytokines, such as IL-4,
IL-6, and TNF-/3 by memory T cells during aging in the
absence of adequate regulatory levels of IL-2, may be
proinflammatory and may reduce the naive T-cell func-
tion (35). However, food restriction does not delay the
loss of age-related decline in Con A-induced IL-2 pro-
duction (35).

However, experiments are required to confirm such
possibilities by undertaking new in vitro studies with
separated cells. Rat CD4+ memory cells lack expression
of the CD45RC or Ox22 surface antigen (41, 42), and it
has been suggested that rat CD4+45RB~ cells exhibited
a more vigorous response to polyclonal stimuli including
IL-2 production, proliferation, IFN-y, and TNF-/3 pro-
duction. The capacity for IL-10 synthesis by the splenic
CD4+-cell pool is increased with age, and the age-related
shift toward a predominance of CD4+CD44hl cells in the
peripheral tissues accounts for this quantitative change in
IL-10 gene expression (51). The differential expression
of CD45 isoforms has been suggested as a marker for
stages of postthymic T-cell development, that is,
CD45RA+CD45RCT T cells and CD45RA~CD45ROH

T cells are supposed to be naive and memory cells,
respectively. Recently, several adhesion molecules have
been shown to be upregulated on the cell surface of
memory T cells and have been suggested to serve as a
memory marker. In CD4+ T cells, the proportion
of LFA-l'ligh cells among CD45RAhighCD45RCT T
cells remained low in all age groups and did not
show significant accumulation with age.
CD4+CD45RA~CD45ROhigh T cells expressed LFA-1
at a higher level than CD4+CD45RAhiBhCD45RCT T
cells (52).

Gradual age-associated shifts in the subset composi-
tion of the splenic CD4+-cell pool in C57BL/6NNia
mice underlie progressive changes in the patterns of
cytokine gene expression by this cell group (51).

Results from the present studies also indicate that the
proliferative response of spleen cells to superantigen
(SEE) is decreased by aging, but food restriction pre-
vents this loss. The binding of T cells to superantigen is
very specific for certain V/3 regions which are linked to
clonal deletion of self-reactive T cells. It will be of
interest to compare the loss of V/3 repertoire with age in
both AL and FR rats. The role of accessory T cells in the
temporal expression of several key T-cell activation-
associated antigens has been studied in healthy elderly.
The response of PBMN cells to PHA was lower in the
elderly. The number of T cells expressing CD71, CD25,
CD38, or HLA-DR was lower in the elderly. T cells from
healthy elderly show selective deficiencies in their ca-
pacity to respond to mitogenic stimuli and suggest that
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impaired PHA responsiveness is due partly to defective
accessory cell-derived signals (53). While total lympho-
cyte numbers altered only marginally in the aged (>70
years), there were significant changes in the distribution
of various subpopulations; e.g., there were lower num-
bers of CD3+ and CD8+ cells and higher numbers of
CD16+(NK) cells. Shifts in the distribution of regulatory
T-cell subsets may play a role in age-related changes in
immune response (53). Signal transduction pathways
involving CD2, except IL-7-mediated events, are re-
ported to be essentially intact in old memory CD4+ T
cells, while on the other hand, several cofactors, namely,
IL-2, IL-6, IL-7, and to a lesser extent, IL-1/3 and PMA,
failed to support adequately CD2-induced activation in
old CD4+CD45RA+ T cells, suggesting severe and
multiple signaling deficiencies in this subset (54).

We have observed less decline in the intracellular
calcium levels, fewer changes in fluidity, and lower
levels of arachidonic acid (20:4n-6) in the phospholipid
fractions in spleen cells of aging food-restricted Fischer-
344 rats compared to the AL animals in the same age
group (32, 55). Food restriction may be delaying the loss
in age-related immune T-cell functions by acting on the
lipid composition of lymphoid cells. This change in lipid
composition may then assist in providing a favorable
environment for optimal expression of IL-2 and V/3-
positive T-cell subsets as well as greater IL-2 production
for optimum proliferative response of spleen cells.

In addition, our earlier data indicated that food restric-
tion prevents the rise in immunosuppressive arachidonic
acid (20:4n-6) and PGE2 levels in spleen cells of Fischer-
344 rats. We have observed an increase in 18:2 levels
and a decrease in 20:4 levels in spleen cells of 19-month-
old FR rats compared to the AL group of the same age
(55). Recent reports strongly suggest that prostaglandins
have a major inhibitory role in IL-2 receptor binding
and/or IL-2 mRNA expression as well as decreasing the
proliferative response of spleen cells (56). Food restric-
tion may provide the appropriate physical characteristics
or "microenvironment" in the membrane to facilitate
influx of Ca2+ and induce optimum proliferative re-
sponse by preserving membrane-bound receptor func-
tions during aging (32, 55).

Naive and memory T cells may differ fundamentally in
their activation requirements, and suggest that the accu-
mulation, with age, of memory T cells accounts for the
low responsiveness of old mice to noncognate mitogens
such as Con A and SEB (57). The recall antigen
experiments were designed to determine the response of
AL and FR animals to recall antigens (KLH and HEA)
when they were immunized with these antigens prior to
determining the proliferative response to these antigens.

Our results suggested that the ability of FR rats to recall
antigens was lower, though the response to Con-A and
superantigen SEE was higher in these animals. These
observations may suggest a possible difference in the
number in memory T cells. Better response of draining
lymph node cells to Con A in the immunized FR animals
is consistent with our data obtained for spleen cell
proliferative response in nonimmunized animals. Better
response to SEE by immunized FR animals may suggest
an increased number of certain CD4 V/3 T cells, or the
number of cells may be the same but they respond to
SEE more efficiently compared to age-matched AL-fed
animals. The recall antigen studies were carried out in
10-month-old AL and FR animals to test whether there
was a differential response to recall anigens by FR
animals. Currently experiments are in progress in our
laboratory to test the ability to recall antigens in rats
immunized at different ages to test the effect of food
restriction on long-term memory.

It is clearly evident from the present studies that one of
the mechanisms through which food restriction delays
the age-associated decline in T cell-related immune
functions may be through preventing a rise in memory
cells and thereby preventing an increase in the produc-
tion of proinflammatory cytokines. Further studies
should be carried out in purified T cells, including CD4+

and CD8+ subsets, in order to explain some of the
immunological variables that occur with age in both AL
and FR rats. Finally, the present study also provides
further evidence that moderate food restriction, which
extends the life span through selectively delaying
changes in T-cell subset function, may have relevance in
delaying immunological dysfunction with age in humans
by reducing the calorie intake.
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